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The impact of including a more detailed VOC oxidation scheme (CRI v2-R5) with a multi-generational
approach for simulating tropospheric acetone is investigated using a 3-D global model, STOCHEM-CRI.
The CRI v2-R5 mechanism contains photochemical production of acetone from monoterpenes which
account for 64% (46.8 Tg/yr) of the global acetone sources in STOCHEM-CRI. Both photolysis and
oxidation by OH in the troposphere contributes equally (42%, each) and dry deposition contributes 16% of
the atmospheric sinks of acetone. The tropospheric life-time and the global burden of acetone are found
to be 18 days and 3.5 Tg, respectively, these values being close to those reported in the study of Jacob
et al. (2002). A dataset of aircraft campaign measurements are used to evaluate the inclusion of acetone
formation from monoterpenes in the CRI v2-R5 mechanism used in STOCHEM-CRI. The overall com-
parison between measurements and models show that the parameterised approach in STOCHEM-NAM
(no acetone formation from monoterpenes) underpredicts the mixing ratios of acetone in the atmo-
sphere. However, using a detailed monoterpene oxidation mechanism forming acetone has brought the
STOCHEM-CRI into closer agreement with measurements with an improvement in the vertical simula-
tion of acetone. The annual mean surface distribution of acetone simulated by the STOCHEM-CRI shows a
peak over forested regions where there are large biogenic emissions and high levels of photochemical
activity. Year-long observations of acetone and methanol at the Mace Head research station in Ireland are
compared with the simulated acetone and methanol produced by the STOCHEM-CRI and found to
produce good overall agreement between model and measurements. The seasonal variation of model
and measured acetone levels at Mace Head, California, New Hampshire and Minnesota show peaks in
summer and dips in winter, suggesting that photochemical production may have the strongest effect on
its seasonal trend.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).hallcross).
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M.A.H. Khan et al. / Atmospheric Environment 112 (2015) 269e2772701. Introduction range of pollution levels and the improved knowledge of mecha-
nistic degradation (e.g. Atkinson and Arey, 2003; Fan et al., 2005),Acetone is an abundant oxygenated volatile organic compound
(VOC) which exerts a substantial effect on the oxidizing capacity of
the troposphere in remote regions and the free troposphere (Singh
et al., 1995). Its background concentration is reported to range from
0.2 ppb in the southern hemisphere to 0.5 ppb in the northern
hemisphere (Singh et al., 1995). However, concentrations higher
than 2 ppb in the free troposphere and 1 ppb in the lower strato-
sphere have been observed (Wohlfrom et al., 1999; Arnold et al.,
1997; P€oschl et al., 2001). It has an atmospheric lifetime of 15e60
days (Jacob et al., 2002; Gierczak et al., 1998; de Laat et al., 2001;
Arnold et al., 2005; Fischer et al., 2012) and is a source of perox-
yacetyl radicals, which react with nitrogen dioxide (NO2) to form
peroxyacetylnitrate (PAN) (Jacob et al., 2002), an important pre-
cursor to ozone in the lower atmosphere. Acetone can contribute
substantial amounts of HOx in the free troposphere through
photolysis (Singh et al., 1995; McKeen et al., 1997). The contribution
may be as high as 30% (Singh et al., 1995), though other studies
(Arnold et al., 2004, 2005; Blitz et al., 2004) suggest this could be
lower. If the photolysis is a much weaker sink than originally
thought, the life-time of acetone would be increased and the
impact of acetone on HOx and NOy chemistry could be reduced
signiﬁcantly as suggested by Arnold et al. (2004, 2005) and Fischer
et al. (2014).
Acetone levels in the troposphere are strongly inﬂuenced by
anthropogenic sources; both through primary emissions (e.g.
vehicular, solvent) and secondary production by the oxidation of
hydrocarbons (Goldan et al., 1995; Goldstein and Schade, 2000;
de Gouw et al., 2005; Schade and Goldstein, 2006). A signiﬁ-
cant amount of acetone comes from the oxidation of VOCs (e.g.
propane, isobutene) predominantly anthropogenic 2-methyl al-
kanes (isobutane, isopentane) as well as the biogenic mono-
terpenes, and 2-methylbut-3-en-2-ol (Jacob et al., 2002; Singh
et al., 1994; Alvarado et al., 1999; Reissell et al., 1999; Pozzer
et al., 2010). Plant emissions of acetone are often a by-product
of hydrogen cyanide production for defence purposes in cyano-
genic plants, but it can also be formed from recently ﬁxed
photosynthetic carbon in some conifers and that these emissions
are light-dependent (Fall, 2003; Jardin et al., 2010). Warneke
et al. (1999) showed that decaying plant matter can emit
approximately 6e8 Tg of acetone annually, though this range is
thought to be wider (Jacob et al., 2002; Singh et al., 2000). Other
sources of acetone are biomass burning (Singh et al., 1994) and
oceans (Jacob et al., 2002; de Laat et al., 2001). Acetone in the
atmosphere is mainly removed by photolysis, reaction with the
OH radical, deposition to land, and ocean uptake (Singh et al.,
1994; McKeen et al., 1997; Gierczak et al., 1998; Jacob et al.,
2002; Blitz et al., 2004; Karl et al., 2010). The ocean is consid-
ered to be both a photochemical source and a microbial sink of
acetone, depending on the geographical region (Jacob et al.,
2002; Fischer et al., 2012).
The global budget and distribution of acetone was studied in
previous measurement campaigns (e.g. Singh et al., 1994, 1995;
2004; Reissell et al., 1999; Moore et al., 2012) and modelling
studies (e.g. Collins et al., 1999; Jacob et al., 2002; Fischer et al.,
2012). But the direct sources of acetone and hydrocarbons (espe-
cially monoterpenes) responsible for photochemical production of
acetone are poorly understood in previous model studies. Mono-
terpenes (represented in the present study by a-pinene and b-
pinene) are emitted by vegetation with a total global emission in
the range of 100e150 Tg/yr. Both a-pinene and b-pinene have short
atmospheric lifetimes of 1e5 h (GAW, 2006). Because of their
importance for secondary organic aerosol formation over the fullmonoterpenes have recently been included in global chemistry
transport models (e.g. Cooke, 2010). Monoterpenes are considered
to be one of the major atmospheric precursors of acetone (Reissell
et al., 1999; Orlando et al., 2000), so their inclusion in modelling
studies can improve our understanding of the global budget of
acetone. In this study, we employ STOCHEM-CRI a global 3-
dimentional chemistry transport model to evaluate the global
budget and distribution of acetone in the troposphere. We evaluate
the performance of the model simulations against a wide range of
observations of acetone made during aircraft campaigns and year-
long observations of acetone and methanol made at the Mace Head
research station on the West Coast of Ireland.
2. Experimental
2.1. Global chemistry transport model STOCHEM
STOCHEM is a global 3-dimensional Chemistry Transport Model
(CTM) in which the troposphere is divided into 50,000 constant
mass air parcels which are advected every 3 h using a Lagrangian
approach allowing the chemistry and transport processes to be
uncoupled (Stevenson et al., 1998). STOCHEM is an ‘ofﬂine’ model
with the transport and radiation codes driven by archived meteo-
rological data from the UK Meteorological ofﬁce Uniﬁed Model
which operates at a grid resolution of 1.25 longitude  0.83
latitude  12 unevenly spaced vertical levels, with an upper
boundary up to 100 hPa (Johns et al., 1997). The archived meteo-
rological data contains pressure, temperature, humidity, interpo-
lated wind data, tropopause height, cloud amount, precipitation,
boundary layer height and surface parameters. A detailed
description of the vertical coordinate, advection scheme, and
dispersion processes used in STOCHEM can be found in Collins et al.
(1997) with updates described by Derwent et al. (2008). The
photolysis rate of a given species in STOCHEM is calculated
explicitly for each air parcel at a time resolution of 1 h. The emission
totals for CO, NOx, and non-methane hydrocarbons (NMVOCs)
employed in the base case STOCHEMmodel were adapted from the
Precursor of Ozone and their Effects in the Troposphere (POET)
inventory (Granier et al., 2005) for the year 1998. More details
about the photolysis and the global emission data used in the
STOCHEM can be found in Appendix A. STOCHEM model is
Lagrangian, but the concentrations aremapped back onto a 5 by 5
Eulerian grid with 9 equally spaced vertical pressure levels. The
concentration of a given Eulerian cell is the average concentration
of all the Lagrangian air parcels in the grid square. Global burdens
were calculated by summation over all 50,000 Lagrangian air par-
cels. The volume average reaction ﬂux (output as
molecules cm3 s1) for a given reactionwas calculated by dividing
the average ﬂux per cell by the volume of a cell at a given height
corresponding to the centroid of the Lagrangian cell (Collins et al.,
1997).
Two main simulations were conducted to assess the impact of
using an updated photochemical mechanism (the CRI v2-R5
(Watson et al., 2008)) on the global budget of acetone and meth-
anol relative to the original mechanism in the STOCHEM. The ﬁrst
simulation involves the STOCHEM being integrated with the CRI
v2-R5 mechanism subsequently referred to as ‘STOCHEM-CRI’. The
CRI v2-R5 mechanism consists of 33 emitted species including a-
pinene and b-pinene (representing all monoterpenes which form
acetone) using 229 chemical species competing in 627 reactions.
Another simulation was performed which involved STOCHEM-CRI
being integrated without acetone formation from monoterpenes
in a run subsequently referred to as ‘STOCHEM-NAM’. Each of the
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months with the initial 12 months being discarded as a spin-up
year. The CRI v2-R5 mechanism development has been presented
in Jenkin et al. (2008) and Watson et al. (2008) with updates
highlighted in Utembe et al. (2009, 2010). The CRI mechanism, and
its reduced variants (including R5), can also be viewed and
downloaded via the Master Chemical Mechanism (MCM) website
(mcm.leeds.ac.uk/CRI/).
2.2. Measurement site and techniques
The measurements of acetone and methanol were performed at
Mace Head, which was a remote location on the west coast of
Ireland (53N,10W), 25 m above sea level and 10 m from the shore.
The sitewas exposed to the prevailingwesterlywinds coming in from
theAtlantic, bringingwith themclean background air. The sitewason
occasion exposed to airmasses that travel fromEurope and the UK as
well as airmasses fromtheAtlanticOcean.During thewintermonths,
air travelled to Mace Head from Canada and North America to the
west, as well as from Europe including Russia in the east.
A Modiﬁed Adsorption Desorption System (MADS) coupled with
Gas Chromatograph (GC, Agilent 6890N) e quadrupole Mass Spec-
trometer (MS, Agilent 5973N) cryogen-free pre-concentration sys-
tem is an automated system, which is used to measure acetone and
methanol in this study (Young, 2007;Walsh, 2010). The system used
a two-trap process where the 1st trap is a bulk trap containing an
inorganic adsorbent, HiSiv 3000 (a crystalline, inorganic silica-
alumina compound with a zeolite structure) used to remove water
and the 2nd trap is a microtrap containing 28 mg HayeSep D
adsorbent (40e60 mesh) to refocus the compounds of interest at
sub-ambient temperature (50 C). A detailed description of the
sampling system and measurement technique is found in Young
(2007) and Walsh (2010). MADS-GC-MS measured routinely a cali-
bration standard sample (Apel Riemer, NCAR, Boulder, USA), which
was used to calculate the concentration of the air samples. The
carryover for each of the compounds was investigated through a
number of tests involving air, standard, blank zero air, and blank
helium samples. Precision was calculated from the stand-
ardestandard ratios; typical precision for acetone andmethanol was
found to be 15 and 20%, respectively. The instrument was controlled
by chromatography software (GCWerks, GC soft Inc.), which
controlled all the instrument parameters (e.g. valves, trap tempera-
tures, MSD etc.), displayed chromatograms, and performed peak
integration and gave graphical and tabulated displays of all results.
3. Results and discussion
3.1. Acetone budget
The global model budget of acetone is summarised in Table 1.
Themean global burdens of acetonewere found to be 3.5 and 1.3 Tg
for the STOCHEM-CRI and the STOCHEM-NAM, respectively. In the
STOCHEM-NAM, the direct emission and the oxidation of propane
were the only sources of acetone but including the degradation of
monoterpenes in the STOCHEM-CRI produced a signiﬁcant addi-
tional amount of acetone (46.8 Tg/yr). The photochemical produc-
tion of acetone from monoterpenes was found to be the largest
source (64.4%) of acetone in the STOCHEM-CRI. The second largest
contributors to acetone production are the direct emission (23.5%),
followed by the oxidation of propane (12.1%). The production of
acetone from iso-alkanes and iso-alkenes is one of the largest
sources of acetone (~20 Tg/y; Pozzer et al., 2010; Fischer et al.,
2012), but this production source is not considered in our model
because of the non-availability of iso-alkanes and iso-alkenes in the
STOCHEM-CRI mechanism, which can underestimate the totalglobal source of acetone in our study. The representation of the
STOCHEM-CRI does not include acetone formation from methyl-
butenol (MBO) (1.4 Tg/yr; Jacob et al., 2002) which can also lead to
an underestimate of the total acetone sources produced by the
STOCHEM-CRI. The global burden of acetone calculated by Jacob
et al. (2002) and Fischer et al. (2012) was 3.8 and 5.6 Tg, respec-
tively. The global burden found from the STOCHEM-NAM was
somewhat lower but with the inclusion of monoterpenes in the
STOCHEM-CRI, the global burden of 3.5 Tg was much closer to Jacob
et al. (2002), but still lower than Fischer et al. (2012). The domi-
nating global sinks of acetone were photolysis (41% for STOCHEM-
NAM, 42% for STOCHEM-CRI) and oxidation by OH (41% for
STOCHEM-NAM, 42% for STOCHEM-CRI) followed by dry deposition
(18% for STOCHEM-NAM, 16% for STOCHEM-CRI). STOCHEM-NAM
and STOCHEM-CRI gave a mean tropospheric lifetime for acetone of
18 days. A similar acetone life-time (14e15 days) was obtained from
GEOS-CHEM (Jacob et al., 2002; Fischer et al., 2012), this model
considered the loss processes of photolysis, oxidation by OH, dry
deposition, and oceanic uptake.
Acetone emissions in STOCHEM-CRI and STOCHEM-NAM are
predominantly in forested areas with 15 Tg/yr of the total 17.1 Tg/yr
being emitted from vegetation, which are 2- to 3-fold lower than
the vegetation emission found by Jacob et al. (2002), Fischer et al.
(2012), and Hu et al. (2013). Globally the terrestrial biosphere can
emit in the region of 44 Tg/yr of acetone as shown in the MEGAN
emission inventory (Guenther et al., 2012), therefore a further
simulation was conducted with a direct acetone emission of 44 Tg/
yr in a run hereafter referred as “STOCHEM-MEI”. The acetone
emission fromvegetationwas underestimated in the STOCHEM-CRI
model, which overestimated the contribution of the photochemical
production frommonoterpenes to the total production by 18%. The
global burden and life-time of acetone from STOCHEM-MEI were
found to be 3.9 Tg/yr and 14 days, respectively, which were much
closer to the study of Jacob et al. (2002). The acetone formation
mechanism from propane in the STOCHEM-NAM and STOCHEM-
CRI (8.8 Tg, current study) is 2e3-fold lower than the mechanism
in the GEOS-CHEM (21e22 Tg, Jacob et al., 2002; Fischer et al.,
2012). The degradation of propane accounted for 100% and 16% of
the photochemical production of acetone in the STOCHEM-NAM
and the STOCHEM-CRI, respectively. The total source strength
from monoterpenes in the STOCHEM-CRI was 46.8 Tg/yr account-
ing 84% of the photochemical production of acetone in the
STOCHEM-CRI. Jacob et al. (2002) used a parameterisation for
acetone from monoterpenes using a vegetation map and chamber
yields of acetone to give a source strength of 7 ± 3 Tg/yr. In the
study of Jacob et al. (2002), the values derived from chamber
studies only accounted for acetone formed in the initial oxidation
step of monoterpenes (i.e. from the ﬁrst-generation chemistry). In
practice, the degradation of a- and b-pinene can produce acetone
over several generations of oxidation (more details can be found in
Appendix B). Therefore, it was to be expected that the more explicit
degradation mechanism in the STOCHEM-CRI would produce more
acetone than the parameterisation version used by Jacob et al.
(2002) and Fischer et al. (2012). The overall global source of
acetone simulated by the STOCHEM-CRI is 72.7 Tg/yr, which is
higher than 62.5 Tg/yr estimated by Fischer et al. (2012), but
somewhat lower than 95± 15 Tg/yr estimated by Jacob et al. (2002),
though within the combined uncertainty ranges. Jacob et al. (2002)
produced good agreement between measurements and model but
included a source of 27 Tg/yr of acetone from oceanic emissions.
The oceans have subsequently been found to not be a signiﬁcant
source for acetone and may in fact be a sink (Singh et al., 2004;
Williams et al., 2004; Marandino et al., 2005; Taddei et al., 2009).
A recent modelling study (Fischer et al., 2012) revealed that the
global oceans may be near equilibrium where the ocean can act
Table 1
The global budget of acetone. The values given are masses of acetone in Tg/yr for the total production and loss.
STOCHEM-NAM STOCHEM-CRI Jacob et al. (2002) Fischer et al. (2012)
Production
a-pinene oxidation n/a 29.6 7 ± 3a 5.0
b-pinene oxidation n/a 17.2 n/a n/a
Propane oxidation 8.8 8.8 21 ± 5b 22
Direct emission 17.1 17.1 68 ± 22c 35.5d
Removal
OH oxidation 10.5 30.8 27 33
Photolysis 10.6 30.3 46 19
Dry deposition 4.8 11.8 9 12e
Global Burden (Tg) 1.3 3.5 3.8 5.6
a This value is for all monoterpenes and methylbutenol.
b This value is for all isoalkanes with 10e20 Tg/yr from propane.
c Emissions include 1.1 Tg anthropogenic, 4.5 Tg biomass burning, 33 Tg vegetation, 2 Tg plant decay, and 27 Tg oceans.
d Emissions include 0.73 Tg anthropogenic, 2.8 Tg biomass burning and 32 Tg vegetation.
e Dry deposition to land only, n/a represents no available value.
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source (tropical oceans), depending on the atmospheric acetone
concentration and temperature.3.2. Surface and vertical distribution of acetone
The seasonal mean surface and zonal distribution of acetone
from STOCHEM-CRI and STOCHEM-NAM are shown in Fig. 1 for the
J-J-A (June-July-August) and D-J-F (December-January-February).
Compared with STOCHEM-NAM, an increase in acetone from 0.8 to
2.0 ppb was found throughout the surface level with peaks over
tropical South America and southern Africa during D-J-F (Fig. 1)
where there are large emissions of monoterpenes (see Fig. 3) and
high levels of photochemical activity, a further increase up to
3.0 ppb in North America and central Europe during J-J-A (Fig. 1)
where there are large anthropogenic emissions of hydrocarbon (e.g.
propane). As a zonal average, the peak acetone was located at the
surface between 30N to 60N during J-J-A and 15N to 20S during
D-J-F where there were consistently high concentrations for the
whole longitudinal range (Fig. 2a). In STOCHEM-NAM, the level of
acetone was consistent with altitude due to acetone's long lifetime,
allowing vertical transport (Fig. 2b), the consistency was found to
be stronger in STOCHEM-CRI due to the formation of acetone from
several generations of monoterpene derivatives (Fig. 2a).
A signiﬁcant amount of acetone was produced from secondary
sources, so vertical variations were associated with the transport of
acetone itself and of its biogenic and anthropogenic organic pre-
cursors (i.e. monoterpenes, isoalkenes, isoalkanes, and some of
their degradation products). A comparison of modelled vertical
proﬁles with aircraft measurements was conducted for selected
campaigns (Fig. 4). ABLE-3B, Trace-A, PEM-WEST-B, PEM-Tropics B,
SONEX, Trace-P, and POLINAT 2 were considered for model-
measurement comparison. More details about the aircraft mea-
surements can be found in Appendix C.
Evaluating the models against atmospheric measurements is
performed to determine the extent to which using the CRI v2-R5
mechanism in the STOCHEM improves its accuracy. There was a
general underprediction of acetone by the models relative to
measurements over all altitudes. This was to be expected, as pro-
duction from iso-alkanes, iso-alkenes, and MBO was not included.
Lowest acetone levels were produced for most stations by the
STOCHEM-NAM because no monoterpene emissions were
included. The inclusion of monoterpenes increased the overall
concentration of acetone, bringing the modelled and measured
concentrations into closer agreement. The most signiﬁcant changes
have been in the northern hemisphere extra-tropical regions (e.g.
Ireland, USA east coast) and for the Trace-A (TA) campaign (e.g. EBrazil, W Africa Coast, S Africa, and S Atlantic). Trace-A was a
campaign which looked at the effect of biomass burning and
convective transport. The high frequency of deep convective
transport during Trace-A has been referred to earlier (Pickering
et al., 1996). A global model is not capable of capturing such
frequent deep convective events and thus in the upper troposphere
over Brazil there is signiﬁcant discrepancy between the measure-
ments and the models. The inclusion of monoterpene derived
acetone has less effect in Asia (e.g. China, Japan, Philippine Sea) and
over the paciﬁc (e.g. Paciﬁc, Hawaii, Easter Island, Christmas Island),
but a signiﬁcant enhancement in free tropospheric acetone has
been found when the direct acetone emission taken from MEGAN
emission inventory was used in the model (STOCHEM-MEI relative
to STOCHEM-CRI) which brought the model into closer agreement
with measurements at these sites.3.3. Comparison with Mace Head measurement data
The Mace Head measurement data for acetone between June
2008 to July 2009 was used to evaluate the STOCHEM model data.
The STOCHEM-NAM model values were found to be 2-fold lower
during January to April and 3- to 5-fold lower inMay-June-July than
observed values. The STOCHEM-CRI and STOCHEM-MEI values are
2- to 1.5-fold lower during May to June and 2- to 3-fold higher
during July to October than measurement values (See Fig. 5), but
the annual mixing ratios of acetone (0.18 ± 0.05) ppb in STOCHEM-
NAM (0.46 ± 0.21) ppb in STOCHEM-CRI and (0.60 ± 0.30) ppb in
STOCHEM-MEI are comparable with the measurement data
(0.48 ± 0.21) ppb. The secondary production via the oxidation of
monoterpenes has not been considered in STOCHEM-NAM, this
effect resulted in an underprediction of the acetone level at Mace
Head especially during summer and autumnmonths. The results of
the STOCHEM-CRI and STOCHEM-MEI runs during July to October
are found to be higher than measurements due to the possible
higher secondary production of acetone. This could be due to an
over estimation of the emissions of acetone precursors, such as
propane, which were based on the emission inventories from
approximately ten years ago. The Northern Hemisphere oceans act
as net sink for acetone (Fischer et al., 2012; Yang et al., 2013), so the
role of the ocean in the global atmospheric budget is signiﬁcant
especially in the marine boundary layer. But, the wet deposition is
not considered in our model, the inclusion of wet deposition might
improve the agreement with Mace Head observations for acetone.
Seasonal trends associated with secondary production of
acetone depend on air mass travelling time, types of VOC (biogenic
or anthropogenic), abundances of OH and sunlight. Acetone is
known to be emitted either directly from plants or through the
Fig. 1. (a) The surface level distribution of acetone simulated by (a) the STOCHEM-CRI, (b) the STOCHEM-NAM for J-J-A and D-J-F seasons.
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pinene, MBO (Alvarado et al., 1999; Goldstein and Schade, 2000;
Jacob et al., 2002; Fall, 2003) as well as from industry directly or
produced through the oxidation of anthropogenic compounds (e.g.
propane). Walsh (2010) found that there were no major biogenic
sources in the local region and that any biogenic emissions that
affected Mace Head mixing ratios were coming from a source far
from the monitoring site. Air masses arriving at Mace Head do
occasionally originate from Europe rather than the prevailing
westerly winds. The mixing ratios of acetone found in air masses
that had passed over Europe often exceeded 1 ppb, with the highest
recorded being 6.5 ppb (Walsh, 2010). The air mass that was
exposed to signiﬁcant anthropogenic and biogenic emissions,
accounted for the elevated mixing ratios of observed acetone dur-
ing May and June.
The seasonal variation of model and measured acetone peaked
in summer and with a minimum in winter, suggesting that the
biogenic photochemical production has the strongest effect on its
seasonal trend. Though there are no large forested areas near Mace
Head, there is still dense vegetation in the surrounding bog land
which can be responsible for the biogenic emissions of acetone. The
secondary production of acetone in summer through the photo-
chemical oxidation of anthropogenic VOCs was also enhanced
because of photolysis effects. During the summer, the mixing ratios
of acetone (0.70 ± 0.09 ppb, STOCHEM-CRI) and (0.64 ± 0.46 ppb,
measurement) were much higher than those during winter
(0.25 ± 0.03 ppb, STOCHEM-CRI and 0.22 ± 0.02 ppb, measure-
ment), spring (0.32 ± 0.10 ppb, STOCHEM-CRI and 0.46 ± 0.22 ppb,
measurement) and autumn (0.56 ± 0.17 ppb, STOCHEM-CRI and
0.27 ± 0.03 ppb, measurement).
Mace Head is a coastal site and there are no large forests in theregion, and this seasonal trend is found to be less pronounced than
is expected. So we compared model acetone with other measure-
ment campaigns based in densely vegetated areas e.g. rural
mountain site at California (Schade and Goldstein, 2006), rural site
in New Hampshire with urban inﬂuences (Jordan et al., 2009) and
the University of Minnesota tall tower Trace Gas Observatory (Hu
et al., 2013) (Fig. 6). The deviation between the monthly mean
model and measurement data are small for these sites suggesting
good agreement between model and measurement.
The Mace Head measurement data for methanol was also
compared with the STOCHEM-CRI model. The mixing ratios of
methanol were seen to peak in summer time in both model
(1.42 ± 0.09 ppb) andmeasurement (0.51± 0.50 ppb) (Fig. 7). This is
an expected trend due to the fact that methanol emissions from
plants are thought to be the major source of methanol (Fall, 2003).
Previous studies (Legreid et al., 2008; Hu et al., 2013; Schade and
Goldstein, 2006) found a minimum level of methanol during the
winter months, which was not as pronounced at Mace Head. This
could have been inﬂuenced by the pollution events that had passed
over Europe during the winter months. The mixing ratios of
methanol are found to be 0.48 ± 0.28 ppb (model) and
0.29 ± 0.08 ppb (measurement) during spring, 0.73 ± 0.40 ppb
(model) and 0.11 ± 0.08 ppb (measurement) during autumn,
0.20 ± 0.02 ppb (model) and 0.37 ± 0.08 ppb (measurement) during
winter. The loss of methanol via wet deposition is ignored in our
model, whichmay result the overestimation of themodel methanol
mixing ratios (see Fig. 7).
3.4. Relationship between acetone and methanol
The acetone concentration is strongly correlated with the
Fig. 2. The zonal average distribution of acetone simulated by (a) the STOCHEM-CRI (b) the STOCHEM-NAM for J-J-A and D-J-F seasons.
Fig. 3. The surface level distribution of monoterpenes (a-pinene and b-pinene) simulated by the STOCHEM-CRI for J-J-A and D-J-F seasons. (Note: The total monoterpenes emission
in our model is 127.0 Tg/yr).
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Riemer et al., 1998; Schade and Goldstein, 2006). Typically the
seasonality of methanol peaked earlier than acetone, because the
methanol emission is related to the pectin biosynthesis during
plant and leaf growth in the early growing season (MacDonald and
Fall, 1993). However, the change in the ratio of acetone to methanol
is dependent on the source of the air mass, diurnal and seasonal
conditions (Schade and Goldstein, 2006). The model data shows
that the mixing ratios of methanol at Mace Head are slightly higher
than those of acetone in the summer, but the measurement data
shows that the mixing ratios of summer acetone are found to be 2-
fold higher than those of methanol (Fig. 8). Increasing values of the
measured acetone-methanol ratios throughout the summermay bedue to the increased direct industrial emissions of acetone and
photochemical production of acetone from anthropogenic com-
pounds (e.g. iso-alkanes, iso-alkenes) or biogenic compound
(MBO), these production routes are not included in our model
which causes the imbalances between measured and model ratios
of acetone and methanol. The seasonal cycling of the acetone-
methanol ratios (Fig. 8) shows a dip in July which is due to the
growth-correlated emissions of methanol (Fall, 2003). During the
winter months, observed methanol mixing ratios were found to be
slightly higher than acetone mixing ratios, with an average aceto-
ne:methanol ratio of 0.62:1 at Mace Head which is close to the
reported ratio (0.5:1) for background mixing ratios by Schade and
Goldstein (2006) during winter months.
Fig. 4. Vertical proﬁles for measurement and models for acetone using the aircraft compilations from Emmons et al. (2000). Red, blue and green lines represent mean values over
the period of the campaign for model run by the STOCHEM-NAM, the STOCHEM-CRI and the STOCHEM-MEI, respectively. Black line represents the measurement data and the black
error bars represent measurement variability. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. Monthly variation of Mace Head acetone mixing ratios. Red, blue, and green
lines represent the model run by the STOCHEM-NAM, the STOCHEM-CRI and the
STOCHEM-MEI, respectively. Black line represents the measurement data and the black
error bars represent measurement variability. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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The inclusion of monoterpene emissions in the STOCHEM-CRI
has a substantial effect on the formation of acetone. Acetone isformed over several generations in the oxidation scheme with a
source of 46.8 Tg/yr is suggested by this study. The large biogenic
emissions of monoterpenes in the equatorial regions and the
multi-generation chemistry resulted in signiﬁcant acetone in the
tropical upper troposphere. The comparison of modelled and
measured acetone revealed that the STOCHEM-NAM and the
STOCHEM-CRI underpredict the mixing ratios of acetone for all of
the stations. However, the inclusion of monoterpenes in the
STOCHEM-CRI has brought the modelled and measured concen-
trations into closer agreement. The multi-generation chemistry
used in the STOCHEM-CRI is novel with regards to another global
study (Jacob et al., 2002) and is another reason for a secondary
source of acetone in the upper troposphere. Year-long observa-
tions at Mace Head imply the air masses that have passed through
Mace Head, are exposed to signiﬁcant anthropogenic and biogenic
sources of acetone. Increasing values of the acetone throughout
the summer may be due to the increased direct industrial emis-
sions of acetone and photochemical production of acetone from
anthropogenic compounds (e.g. iso-alkanes, iso-alkenes) or
biogenic compound (e.g. monterpenes, MBO). Increasing the
direct emission of acetone by a factor of approximately 3 in the
STOCHEM-CRI simulation to a value consistent with estimates
from the MEGAN inventory does improve in general model-
measurement agreement, especially at surface stations impacted
by biogenic emissions.
Fig. 6. Monthly variation of Model and Measurement acetone mixing ratios. Red, blue, and green lines represent the model run by the STOCHEM-NAM, the STOCHEM-CRI and the
STOCHEM-MEI, respectively. Black line represents the measurement data and the black error bars represent measurement variability, the measured acetone values are the median
values for different seasons (Jan represents Winter, Apr represents Spring, July represents Summer, Oct represents Autumn), the measurement variability is 25the75th percentiles
(for California) and 10the90th percentiles (for New Hampshire). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
Fig. 7. Monthly variation of Mace Head methanol mixing ratios. Blue and black lines
represent the model data produced by the STOCHEM-CRI and the measurement data,
respectively. The black error bars represent measurement variability. (For interpreta-
tion of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
Fig. 8. Monthly variation of the ratio of acetone and methanol mixing ratios. Blue and
black lines represent the model data produced by the STOCHEM-CRI and the mea-
surement data, respectively. The black error bars represent measurement variability.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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